I. INTRODUCTION
V ARIOUS models exist for predicting the induced voltages and currents produced by the coupling of electromagnetic waves into a multiconductor transmission-line (MTL) network. The more accurate of these are formulated as three-dimensional (3-D) electromagnetic field problems. Voltages and currents are then obtained from the solution of the field quantities. The task of trying to include extensive nonlinear lumped element circuits to these field models in a manner amenable to efficient computer solution is still an area of investigation. Various examples of solving an electromagnetic field problem in the presence of modestly sized nonlinear circuits do exist in the literature (see [1] and [2] for example), but the techniques used in these investigations would require great computational resources if applied to practical sized printed circuit board problems. In the present work, the specific case of modeling printed circuit board (PCB) MTL networks with nonlinear junctions is considered.
For practical problems, it is common to use distributed circuit models of MTL networks due to their simplicity of formulation and the fact that computer solutions can be obtained more efficiently than full field solutions. Although various distributed circuit models exist, such as the partial element equivalent circuit (PEEC) [3] , simply using a quasi-TEM formulation of the MTL's and a lumped element formulation of the junctions has provided reasonable results for many applications [4] . Starting from the quasi-TEM formulation, efficient model order-reduction techniques based on the asymptotic waveform evaluation (AWE) technique have been implemented for relatively large problems [5] . The quasi-TEM formulation is also the basis of approximate SPICE models which have been developed in the past [4] , [6] - [8] . The existence of an external field coupling to the MTL's can be introduced into the model as distributed voltage and current sources along the line [4] , [9] - [11] and these manifest themselves as forcing function terms in the MTL equations. Many techniques have been reported for solving these now inhomogeneous partial differential equations (see for instance [12] ).
In [13] , the authors have pointed out the importance of incorporating the effect of the dielectric layer in the field coupling model. Their frequency domain derivations are valid for a finite size conducting strip embedded in a thin dielectric substrate of infinite extent. This configuration is exposed to a plane wave illumination. The same authors present a more general case [14] using a full-wave model. This time the source of the external field is a dipole with an arbitrary orientation. The work is highly encompassing, taking into account several aspects of the problem. Unfortunately, the possibility of including nonlinear terminal conditions in this formulation seems very difficult. The works presented in [15] and [16] also make use of full-field analytical models to determine the field coupling to a printed two wire line. It was pointed out in [17] that significant differences between simulations based on the quasi-TEM MTL model and full wave finite-difference time-domain (FDTD) simulations or measurements can be expected due to the fact that the quasi-TEM MTL model does not incorporate the finite length of the conducting strips. It has been shown that assuming infinite length for finite length strips results in underestimation of the peak voltage and current values induced by the external fields.
In this paper, we use the quasi-TEM formulation for the MTL's and a modified nodal analysis (MNA) formulation of the possibly nonlinear lumped-element junctions between MTL's. Then the complete system, including the MNA equations, is solved in the time domain using finite-difference techniques.
0018-9375/00$10.00 © 2000 IEEE The technique used herein is similar to that reported in [18] . Since we are considering printed circuit MTL networks, in order to accurately model the field in the dielectric substrate we use a 3-D [for certain particular cases, two-dimensional (2-D)] FDTD technique [20] . The advantage of this method lies in the fact that it accurately models the incident coupling field, but this full field analysis needs to be carried out only once and on a much simpler problem consisting of only the PCB dielectric layers (i.e., no traces and no electronic components). As such, the method can be applied in practical PCB design and EMC analysis procedures. Simulation results obtained using this technique, as well as those making the approximation that the incident plane wave remains a pure plane wave in the dielectric, are compared to measurements. Before describing this method and detailing the experimental and simulation results, a brief summary of the quasi-TEM formulation and the numerical technique for solving the MTL network equations is given.
II. QUASI-TEM FORMULATIONS OF MTL's
Assuming a quasi-TEM mode of propagation along an MTL consisting of conductors (see Fig. 1 ), the time-dependent voltages and currents, along the conductors can be modeled by the following system of coupled partial differential equations: (1) where and denote the per-unit-length (PUL) inductance, capacitance, resistance, and conductance matrices, respectively. The vector forcing functions and represent the distributed voltages and distributed currents that are due to the impinging external electromagnetic field. These can be expressed in three completely equivalent formulations [11] : 1) in terms of incident transverse electric and magnetic fields [9] ; 2) in terms of only the incident electric field [10] ; and 3) in terms of only the incident magnetic field [11] . Only the first formulation uses total voltages and currents and, although these forcing terms are more complicated than those of the latter two formulations, using total voltages and currents simplifies the interface to the lumped element formulation of the MTL junctions. In this formulation, the forcing functions are given by (2) below where in the line integral terms denotes the point at which the -plane, which is perpendicular to the -axis, intersects the th line of the MTL as shown in Fig. 1 . The -plane intersects the -axis (which is colinear with the reference conductor zero) at point whose coordinates are (0, , 0). In (2) , shown at the bottom of the page, denotes the transverse component of the incident electric field intensity vector , which is the projection of onto the -plane. The magnitude of the longitudinal component of the incident electric field is denoted by . In the above definitions of the forcing functions, the incident field is defined as that which would existif all the conductorsof the MTLwereremoved.Thisimpliesthatinordertoaccuratelymodel the distributed sources, this incident field must be determined as accurately as possible. This type of coupling model, that is for the particular case of plane wave incidence, has been investigated extensivelyintheliterature.However,whenmodelingprintedcircuit boardMTLnetworks,atypicalapproximationthatismadeistoignoretheperturbationoftheincidentplanewaveduetothedielectric substrate of the circuit board. In this paper, by comparing various test cases with experimental results, we show that such approximations can lead to completely erroneous results.
III. FINITE DIFFERENCE SOLUTION OF THE MTL/MNA MODEL
We discretize the MTL equations (1) by using an interlaced leap-frog scheme such that the currents are evaluated at half-time steps and half-spatial positions, whereas the voltages are evaluated at integer-time steps and integer-spatial positions; that is This discretization corresponds to a -model of the line, as illustrated in Fig. 2 . It is now a simple procedure to find the following update equations for all the currents and the interior voltages along the line [4] in (5), shown at the bottom of the page. We keep the discretized distributed voltage and current sources and in a simple notational form since it is their treatment in which the models discussed herein differ from each other.
The solutions of the lumped element circuits at junctions between MTL's or at the termination of an MTL are formulated using MNA [19] . The specific technique used is similar to that reported in [18] except that here we use a -model of the MTL and in that work the T-model was used. The effect is that in the T-model, the MTL voltages one-half cell away from the terminations of the line are included as known sources in the MNA formulation, whereas in the -model, the MTL currents one-half cell away from the terminations of the line are included as sources in the MNA formulation. In some cases, this procedure reduces the size of the MNA matrix significantly. As in [18] , the nonlinear circuits are solved using a Newton-Raphson algorithm. In all the nonlinear numerical examples presented in this paper the MNA equations are solved using this algorithm.
IV. FIELD COUPLING TERMS OF THE MTL EQUATIONS
As has been pointed out in Section I, a frequently employed approximation when evaluating the exact forcing functions (2) of the quasi-TEM MTL equations (1) is to assume that, in the case of a plane wave illuminating source, the incident field in the immediate proximity of the conductor elements of the MTL's is also planar. The primary goal of this paper is to show, using comparisons with experimental data, that this approximation may lead to inaccurate results even for the simple but common case of a single dielectric layer PCB. In this section, two versions of the discretized forcing terms for the MTL equations are developed. The first assumes a purely plane wave incident field, while the second allows us to insert any form of discretized incident field. These are referred to as the "plane wave" or "nonplane wave" models, respectively.
A. Plane Wave Field Coupling Models
Consider an transient electromagnetic plane wave, which is propagating in the unit direction of a spherical coordinate system when and are specified constant angles. The wave is propagating in free space with propagation velocity , where . At any position in space, given by the Cartesian coordinates , the electric field of the incident plane wave can be specified as (6) where is the position vector and is the unit vector defining the polarization of the electric field at that point. The waveform (in space or time) of the field is defined by the function . Explicit expressions for the forcing functions and can be found by first converting the original forcing functions to the phasor domain, carrying out some analytic manipulations, making the approximation that the wavelength is large as compared to the distance between conductors, and subsequently converting back to the time domain. The complete procedure is described in [4] and, employing the present notation, the forcing functions can be written as (7) where (8) Except for a constant multiplicative factor that depends on the specific conductor, the time and space variation of the forcing functions is the same for all conductors of the MTL. The large wavelength approximation that has been used is nothing exceptional since it is a basic requirement for the quasi-TEM formulation of the MTL equations in the first place.
The forcing functions given by (7) are now discretized using a second-order accurate finite difference scheme and we arrive at the discrete form forcing functions in (9) , shown at the bottom of the page, where
Equations (5) and (9) represent the simplified plane wave field coupling problem.
B. Nonplane Wave Field Coupling Models
The discrete form of the forcing functions as represented by (9) are approximations which inherently assume a plane wave incident on the MTL. These are very efficient to implement and need to be only slightly modified when a ground plane exists [4] . If the true incident field is not a plane wave then one could ignore this fact and continue to use (9) or one could determine (9) the discretized forcing functions and by discretizing directly the integral terms (2) with the appropriate incident field inserted.
It is well known that heterogeneities in the proximity of the MTL conductors, such as the dielectric substrate, distort the external field and can give rise to surface waves, which are guided by the air-substrate interface. The above plane wave model obviously disregards these surface waves since, when it comes to the external field coupling, it assumes free-space in the proximity of the MTL conductors; the heterogeneities are modeled only through the PUL parameters of the MTL. In the case of a circuit board, the true impinging waveform is far more complicated than a pure plane wave. The actual waveform is a nontrivial function of position along the TL. This complicated waveform can be handled by the PDE formulation of the MTL's but, currently, no technique for incorporating this waveform into the SPICE implementable models is known. In this paper, the field quantities necessary to evaluate the integral terms of (2) are obtained by using an FDTD analysis of the MTL structure carried out in the absence of the conductors themselves. The advantage of this procedure over using a 3-D full-field analysis of the entire MTL network lies in the fact that the expensive calculation of the field coupling to the MTL network has to be carried out only once for a given plane wave excitation; using the so-obtained database any number of simulations of different networks can be done for the same substrate. This is a computational time-saving procedure, which can be applied in PCB design effectively.
The forcing functions given by (2) can be discretized as (10) where the notation (11) has been introduced for simplicity. The integral term in (11) can be easily evaluated numerically by using discrete field values from an FDTD or other numerical analysis of the PCB with all conductors removed. Apparently, the need for an FDTD, or other full-field, solver is the only disadvantage of this approach. An analytical solution of the fields inside the substrate of finite size would be an optional choice. As already mentioned in Section I, the authors of [15] and [16] calculate the incident field analytically but assume a substrate of infinite extent. Based on the conclusions of [17] , the accuracy of their assumption remains to be verified. The work reported in [21] shows that a direct relationship exists between the incident field (with all conductors and dielectric removed) and the forcing functions of the total field formulation of the quasi-TEM MTL equations. Unfortunately, a key step in that procedure involves the solution of an integral equation in order to calculate a vector multiplicative constant. However, this has to be done only once for uniform lines, so it could be an option for computing the fields required in (11).
V. COMPARISON OF EXPERIMENTAL/NUMERICAL RESULTS

A. The Experimental Setup and the PCB Design
In order to evaluate the accuracy of the field-to-MTL coupling models, measurements were made for the case of PCB MTL's illuminated by a plane wave. The measurements were made using the instrumentation setup shown in Fig. 3 . As the figure shows, the 1.5-m-high GTEM cell is fed from a Kentech 1 pulse generator. This generator produces 2-kV quasi-Gaussian pulses of 120 ps width. As a result, the peak value of the electric field inside the GTEM cell is approximately 10 kV/m. The microstrip structures are mounted on the access port of the GTEM cell. A monopole mounted on the side wall of the GTEM cell is used to generate the triggering signal for the oscilloscope. The signal induced on the microstrip was sampled using an SMA connector as a probe beneath the microstrip. The connection from the SMA connectors of the studied PCB's to the 12-GHz oscilloscope was made using a 10-m-long coaxial cable in order to assure a time delay with respect to the triggering signal, which is fed to the scope through a short (3 m) coaxial cable.
The transfer function of the probe-cable assembly was measured in order to calibrate the system. The inverse of this transfer function was used to scale all recorded measurement data collected from the PCB's. The same procedure was applied at the feedpoint of the GTEM cell. The waveform displayed in Fig. 4 is a sample of the electric field at the middle of the TL. It is important to mention that, since the GTEM cell is tapered, there is approximately a 15% reduction in field strength along the length of the microstrip. Hence, the SMA probe excitation at the back of the line will be proportionally smaller than at the front of the line. It should also be noted that the very small reflection from the termination of the cell occurs outside of the time window shown in all the measurements. Several PCB's were used in the experiments. While maintaining the same basic structure, the substrate material and certain microstrip dimensions were varied. Two-and three-conductor microstrip structures with various linear and nonlinear terminations were studied. Since all the considered types of dielectric substrate materials produced similar results, we present only those obtained for the RT/duroid 5880 ( ). The details of the PCB's and their orientation with respect to the illuminating plane wave are shown in Fig. 5 . Due to limitations in how the PCB's could be mounted onto the access port of the GTEM cell, only the depicted end-fire excitation case was studied. Nevertheless, the end-fire excitation produces the largest surface wave component, it is the best test case to investigate the limitations of using a simple plane wave coupling model. Also, in order to achieve the highest possible peak values of the induced pulses in the MTL's, a vertical polarization of the electrical field was chosen.
All PCB's incorporated a ground plane as the reference conductor. The geometric layout of the simplest two-conductor TL that was used is shown in Fig. 5(a) . The SMA connectors were spaced symmetrically under the conducting strip as shown in Fig. 5(c) . The overhang of the strip above its contact points with the SMA connectors assures that a good impedance match is made.
For the single microstrip case, the PUL parameters are calculated as pF/m and nH/m, hence having a characteristic impedance of . The characteristic impedance was chosen to be 50 in order to match the 50-measurement system. The geometric layout of the dual microstrip is shown in Fig. 5(b) . The PUL parameters of this structure were calculated as pF/m and nH/m
B. 2-D FDTD Evaluation of Incident Field
Since the TL's were exposed only to end-fire excitation, a simple 2-D FDTD field computation was used to evaluate the incident electric field inside the dielectric substrate. These field values were then used in (11) to evaluate the forcing functions. We use the well-known 2-D FDTD technique [20] to solve for the electromagnetic field components on the timespace interlaced computational mesh shown in Fig. 6 . Using this method one can specify permittivity values only on the diamond-shaped cells shown in the figure. For the case of the PCB's considered herein the 2-D FDTD space was discretized, as shown in Fig. 7 . Only two FDTD cells were used to model the thickness of the duroid dielectric substrate. Simple firstorder absorbing boundary conditions were used and the incident tangential electric field was imposed on the left-side boundary.
The measured field values (Fig. 4) were used as the excitation waveform. The calculated field values inside the substrate were output and stored in a database. The vertical boundaries were placed far from the substrate boundaries in order to assure that no reflections were picked up.
C. Incorporating Surface Waves into the Field-Coupling Mechanism
As the first case study, we choose the simple microstrip structure of Fig. 5(a) without the diode. The total modeled length of the strip is 99 mm and the approximate speed of the quasi-TEM wave propagating in such a line is calculated as m/s. For the MTL modeling using (5), the line was divided into cells, that is mm. The time-step was chosen at the Courant limit of the numerical scheme, ps, which is sufficiently small to resolve the quasi-Gaussian pulse shown in Fig. 4 (more than 45 time samples in the main part of the pulse). The lumped element circuit, which was used to model the near-end and far-end of the line are shown in Fig. 8 . In these circuits, represent the impedance of the SMA connectors from which the induced signal was measured, represents one half of the cell of the discretized TL, and represent currents induced by the incident plane wave. The current sources and represent discretized transmission-line (TL) currents, which are calculated using (5). The discretized voltages and are calculated using MNA analysis [18] . Simulation results obtained assuming a pure plane wave model for the incident field, that is using (9) , are shown in Fig. 9 and denoted as "without surface wave." Results obtained using the 2-D FDTD analysis described previously to simulate a more accurate incident field and then using (10) and (11) to model the distributed source terms are denoted "with surface wave" in the figure. Measured results are also shown. There are several differences between the waveforms. The amplitudes of the plane wave voltage waveforms are quite different from the other two waveforms shown in the figure and this is mostly due to the fact that the plane wave model does not account for the permittivity of the dielectric substrate. This also produces a propagation time difference. The most critical difference is the "inversion of polarity" that exists between the plane wave results and the measured waveform at the far-end of the TL. Using the 2-D FDTD simulation to more accurately model the perturbation of the incident field by the dielectric; that is, inclusion of the surface wave produces much better results.
The existence of the surface wave contributes to the apparance of the two voltage pulses at the far-end of the TL. The accuracy of this interpretation is confirmed by the results shown in Fig. 10 . In this figure, measurements of the far-end voltages for the microstrip structures [ Fig. 5(a) ] with various dielectric substrate materials are shown. When the permittivity of the substrate material is increased the surface wave effect becomes more noticeable and we see the two voltage pulses separately. The dielectric constant of the test case denoted "high dielectric" in the figure is [TMM-4 material (see footnote 2)], whereas that of the foam is . In this case, the two waveforms are separated by a greater time than for the duroid case.
In all test cases, using the more accurate model for the field-to-MTL coupling was required to get good results that matched the experimental data well. This required the calculation of the incident fields and voltages using the 2-D FDTD simulation in conjunction with (10) and (11) . In all the remaining results that are reported in this paper, this is the technique that is used.
D. Nonlinear Termination
Several configurations were studied in which a diode was placed at either the near end or the far end of the TL. Fig. 11 depicts the measured and simulated results of the near-and far-end voltages for the case of a forward-biased diode placed at the near end of the single microstrip line shown in Fig. 5(a) . Notice, by comparing Figs. 9 and 11 , that the effect of the diode is to slightly reduce the peak-value of the near-end voltage, to introduce a new positive peak and to increase the peak-value of the far-end voltage. The approximate junction capacitance of 1 pF of the diode is not negligible and it was taken into account in the numerical simulations in the form of a lumped capacitance connected in parallel with a purely resistive junction diode modeled by the well-known formula (12) where mV was used and is the voltage across the diode. The voltages measured at the far-end when the diode was also placed at the far end are shown in Fig. 12 . The three cases of no diode, forward biased diode, and a reverse biased diode are shown.
E. Three-Piece Microstrip Models
The slight delays in the propagation of pulses in the simulations as compared to the measured results implies that the length of the line is not modeled properly. Therefore, a "three-piece" model of the microstrip structure was introduced in which the "overhangs" (see Fig. 13 ) of the conductors above the SMA connectors are modeled as two open-ended TL's (T1 and T3). These overhangs or "end pieces," are connected to the two ends of the main line via two lumped element junctions (J1 and J2). The equivalent lumped element circuit models of the open ends of T1 and T3 are shown in Fig. 14 , whereas an example of the lumped element model for junction J1 is shown in Fig. 15 .
The three-piece model results match the experimental results better in terms of the timing of the individual pulses, but the amplitudes are worse than the one-piece model. Near-and far-end voltage results for a single line with no diode are shown in Fig. 16 . Results for the case of a forward-biased diode placed at the near end of the single microstrip are shown in Fig. 17 . These can be compared to the one-piece results for the same test shown in Figs. 9 and 11 .
For the latter nonlinear case (Fig. 17) , the time step used was ps. The end-piece TL's were resolved into 13 cells each with -mm and the leapfrog scheme was run at the Courant limit. Two more TL's were required (one from each SMA connector to the surface mount diode): a short line with seven cells of size mm and a long TL with 275 cells of size mm. Since the time-step of the algorithm must remain the same for all TL's, the update equations for these center two lines were run at Courant numbers of 0.969 and 0.996, respectively. Similar experiments were carried out with coupled microstrips shown in Fig. 5(b) . It is well known that the matching load of an MTL is a "matrix" impedance network. In the measurements, the same SMA "probes" were used without any additional components. Therefore, the termination network did not meet the MTL matching criteria and the lines were only partially matched. In the numerical simulations for this case, four three-conductor multiconductor TL's (T1, T2, T3, and T4) forming a network as shown in Fig. 18 were used. TL's T1 and T4 model the end pieces, junctions J1 and J3 model the SMA connectors, and junction J2 models the surface-mount diode. Results of simulations and experiment are shown in Fig. 19 . As can be seen from these plots, except for a small difference in magnitude, the simulation results are in excellent agreement with the experimental measurements. It is worth mentioning that in these nonlinear cases, the diode's own junction capacitance of approximately 1 pF essentially suppresses the nonlinear characteristics of the diode itself, which is why we do not see more of a rectifying effect.
VI. CONCLUSIONS
The numerical prediction of the induced voltages and currents due to an external field coupling to a printed MTL network with nonlinear components at the junctions has been considered. The modeling method is based on finite-difference solutions of the quasi-TEM MTL equations and MNA formulation of the junctions in the network. The experimental validation of these MTL network models is a fairly complicated task since it involves the treatment of several possible sources of error. Making accurate field measurements, for instance, is just as demanding as finding a good numerical model for the network. The test cases considered herein show the importance of accurately modeling the incident electromagnetic field in the proximity of the TL's. It was shown that the perturbation of the incident plane wave caused by the dielectric substrate of a PCB is an important factor which must be accounted for in the MTL models. As a result, the simple and efficient, but purely plane wave coupling models that have been used in the past are inadequate. It was shown that for the end-fire incidence case considered herein, a simple 2-D FDTD field simulation sufficiently characterized the incident field including the surface wave, which arises due to the air-dielectric interface of the circuit board. For more complicated dielectric substrates and/or incident fields, a 3-D numerical field simulation would be required. The amount of memory needed to store such a time-domain field simulation is of concern, especially if this technique is to be applied to large circuits, but the field simulation would only have to be performed once even when the MTL network topology would change.
